The axon initial segment (AIS) is the site of action potential initiation and serves as a vesicular filter and diffusion barrier that help maintain neuronal polarity. Recent studies have revealed details about a specialized structural complex in the AIS. While an intact actin cytoskeleton is required for AIS formation, pharmacological disruption of actin polymerization compromises the AIS vesicle filter but does not affect overall AIS structure. In this study, we found that the tropomyosin isoform Tpm3.1 decorates a population of relatively stable actin filaments in the AIS.
INTRODUCTION
The proximal ends of axons in the vertebrate nervous system contain the axon initial segment (AIS). The AIS serves as the site of action potential initiation and plays a role in maintaining neuronal polarity. The clustering of sodium channels at the AIS facilitates spike generation (Kole et al., 2008) , while its role in maintaining polarity is the result of a vesicle filter and diffusion barrier that restrict the entry of dendritic proteins and membrane lipids into the axon (Brachet et al., 2010; Nakada et al., 2003; Song et al., 2009; Sun et al., 2014; Winckler et al., 1999) . The AIS is a remarkably stable structure comprising a specialized membrane and protein complex.
Central to this complex is ankyrin G (Kordeli et al., 1995; Rasband, 2010) , which acts as an adaptor that recruits other AIS proteins (Jenkins and Bennett, 2001) ; ankyrin G recruits and binds to bIV-spectrin (Yang et al., 2007) , neurofascin-186 (NF-186) (Ango et al., 2004) , as well as sodium (Zhou et al., 1998) and KCNQ2/3 channels (Pan et al., 2006) . The loss of ankyrin G leads to the loss of all other AIS components (Hedstrom et al., 2008; Jenkins and Bennett, 2001; Zhou et al., 1998) . The interaction of ankyrin G with microtubules Kuijpers et al., 2016; Leterrier et al., 2011) and the binding of bIV-spectrin to actin filaments (Jenkins and Bennett, 2001; Leterrier et al., 2015) link the AIS complex to the cytoskeleton.
While recent studies have shed light on the role of microtubules in establishing and maintaining the AIS Klinman et al., 2017; Kuijpers et al., 2016; van Beuningen et al., 2015) , the precise role of actin in the AIS remains unclear (Papandreou and Leterrier, 2018) . Proper AIS development requires an intact actin cytoskeleton (Xu and Shrager, 2005) , but the mature AIS is insensitive to actin-disrupting drugs (Abouelezz et al., 2019; Jones et al., 2014; Leterrier et al., 2015; Qu et al., 2017; Sanchez-Ponce et al., 2011; Song et al., 2009 ). This suggests that actin has no role in maintaining the structure of the AIS.
Alternatively, actin filaments in the AIS may be resistant to the action of actin-disrupting drugs due to a low rate of turnover.
Nonetheless, the integrity of the actin cytoskeleton is important for the AIS vesicle filter and diffusion barrier Nakada et al., 2003; Song et al., 2009; Winckler et al., 1999) . Platinum replica electron microscopy showed that the AIS contains both short, stable actin filaments, as well as longer, dynamic filaments (Jones et al., 2014) . Actin-based myosin motors play a role in the targeted delivery of somatodendritic and axonal vesicles (Janssen et al., 2017; Lewis et al., 2011; Lewis et al., 2009) , and actin filaments form patches in the AIS (Balasanyan et al., 2017; Watanabe et al., 2012) that may serve as vesicle filters (Janssen et al., 2017; Leterrier and Dargent, 2014; Watanabe et al., 2012) . While actin patches are not exclusive to the AIS, AIS actin patches are more stable than patches along the distal axon; the washing away of diffuse molecules by cell permeabilization led to the loss of actin patches in the distal axon, but not in the AIS (Watanabe et al., 2012) . In addition, recent work showed that the actin-based non-muscle myosin II is involved in AIS structure and plasticity (Berger et al., 2018; Evans et al., 2017) and associates with axonal F-actin (Wang et al., 2018) .
Super-resolution microscopy revealed the presence of periodic, sub-membranous, adducin-capped actin rings in the axon, forming a lattice with spectrin and ankyrin (D'Este et al., 2015; Leterrier et al., 2015; Xu et al., 2013; Zhong et al., 2014) . This structure bears a striking resemblance to the erythrocyte membrane skeleton (Bennett and Baines, 2001; Xu et al., 2013) , where short, stable, adducin-capped actin filaments also form a sub-membranous lattice with spectrin and ankyrin (Fowler, 2013) . These filaments are also partly stabilized by tropomyosins (Fowler and Bennett, 1984; Sung et al., 2000; Sung and Lin, 1994) . Tropomyosins are actin-binding proteins that form coiled-coil dimers and play a role in the regulation of the actin cytoskeleton in an isoform-specific manner . Of the two tropomyosin isoforms in the erythrocyte membrane skeleton, only isoform Tpm3.1 is found in the brain (Schevzov et al., 2005b) .
Tpm3.1 localizes to the axons of developing neurons and was suggested to play a role in neuronal polarity (Hannan et al., 1995; Vindin and Gunning, 2013; Weinberger et al., 1996) . In addition, Tpm3.1 plays a role in regulating the filamentous actin pool in growth cones (Schevzov et al., 2008) , growth cone motility (Fath et al., 2010) , and neurite branching (Schevzov et al., 2005a) . Tpm3.1 binds F-actin with high affinity (Gateva et al., 2017) and regulates the actions of key actinbinding proteins: (i) Tpm3.1 inhibits Arp2/3 complex-mediated polymerization (Kis-Bicskei et al., 2013) , (ii) Tpm3.1 enhances the phosphorylation of actin-depolymerizing factor/cofilin (Bryce et al., 2003) , thus inhibiting filament severing as well as depolymerization at the pointed ends (Broschat, 1990) , (iii) Tpm3.1 recruits tropomodulin to the pointed ends (Sung and Lin, 1994) , further lowering the rate of depolymerization (Weber et al., 1994; Yamashiro et al., 2014) , and (iv) Tpm3.1 recruits and activates myosin II (Bryce et al., 2003; Gateva et al., 2017) . In this study, we show that Tpm3.1 is part of the AIS actin cytoskeleton and is necessary for the maintenance of AIS structure and function.
RESULTS

Tropomyosin isoform Tpm3.1 is part of the
AIS actin cytoskeleton
Actin filaments in the AIS organize into periodic, sub-membranous, adducin-capped rings, forming a lattice with spectrin and ankyrin (D'Este et al., 2015; Leterrier et al., 2015; Xu et al., 2013; Zhong et al., 2014) . We used structured illumination microscopy (SIM) to test if Tpm3.1 also decorated actin filaments in these sub-membranous rings in cultured rat hippocampal neurons at 14 daysin-vitro (DIV). We used anti-γ/9d and Alexa 488-tagged phalloidin to visualize Tpm3.1 and F-actin, respectively. Anti-ankyrin G served to label the AIS. We optimized imaging parameters to visualize anti-γ/9d, tagged using Alexa-647. Similar to submembranous F-actin, Tpm3.1 showed a periodic distribution in the AIS (Fig. 1a ). To quantify the periodicity of Tpm3.1, we plotted fluorescence intensity profiles along regions in the AIS with visible periodicity and calculated the autocorrelation function for each profile. The average autocorrelation for the profiles measured showed an autocorrelation peak at a lag of 200 nm for both F-actin and Tpm3.1 ( Fig. 1b and c, left panels). Owing to the pixel size of the camera used (40 nm), the distances recorded are multiples of 40. Accordingly, a lag of 200 nm corresponds to the~190 nm reported earlier for actin rings and other components of the AIS sub-membranous lattice (D'Este et al., 2015; Leterrier et al., 2015; Xu et al., 2013; Zhong et al., 2014) . For both F-actin and Tpm3.1, we measured the distance between individual neighboring fluorescence intensity peaks in each profile (Fig. 1b and c, right panels figure 1) .
The AIS contains patches of F-actin with a low rate of depolymerization
Previous studies revealed that, in addition to sub-membranous actin rings, actin forms patches in the AIS (Balasanyan et al., 2017; D'Este et al., 2015; Janssen et al., 2017; Jones et al., 2014; Leterrier et al., 2015; Watanabe et al., 2012; Xu et al., 2013; Zhong et al., 2014 ) that may play a role in presynaptic terminals (D'Este et al., 2015) or in the filtering of vesicles carrying somatodendritic cargo (Balasanyan et al., 2017; Janssen et al., 2017; Watanabe et al., 2012) . However, little is known about the dynamics and regulation of these actin patches. To investigate actin regulation, we expressed photoactivatable GFP-tagged actin (PAGFP-actin) in cultured rat hippocampal neurons to study the dynamics of F-actin in the AIS Patterson and Lippincott-Schwartz, 2002) . We cotransfected neurons at 8-10 days in vitro (DIV) using mCherry and PAGFP-actin and imaged them 40-56 hours later. To label the AIS, we used an antibody against the extracellular domain of NF-186, 1-2 hours before imaging (Hedstrom et al., 2008) . To visualize the distribution of F-actin in the AIS, we applied a brief 405-nm laser pulse within a 30 µm-long region along the AIS ( Fig. 2a ). The fluorescence intensity within this region was monitored for 3 minutes by capturing a frame every 3 seconds. Due to the fast rate of diffusion of free actin monomers, the first frame taken after photoactivation (0 s) enables the visualization of only those monomers that were immobilized by incorporation into an actin filament (Honkura et al., 2008) .
The distribution of F-actin in the AIS was uneven and a prominent patch under 1 µm in diameter showed a higher fluorescence intensity, corresponding to a higher concentration of F-actin ( Fig. 2b ). Relative to the rest of the AIS, this actin patch was also the most long-lived ( Fig. 2c ). To measure the rate of depolymerization more accurately, we confined the photoactivation to a square area roughly 5 µm 2 in size ( Fig. 2d, red Based on these data, we conclude that Tpm3.1 is present in the AIS and colocalizes with actin patches. Importantly, Tpm3.1 is not exclusively localized to the AIS. As earlier studies show that Tpm3.1 increases the F-actin pool and lowers the rate of actin depolymerization (Broschat, 1990; Schevzov et al., 2008) , it is plausible that Tpm3.1 similarly increases the concentration of Factin and lowers the rate of actin depolymerization in AIS actin patches. (Bonello et al., 2016) . The effects of TR100 on glucose-stimulated insulin secretion were not seen in Tpm3.1 knockout mice, indicating its specificity (Kee et al., 2018) .
We To verify that the loss of ankyrin G accumulation at the AIS is a result of the loss of Tpm3.1 function, we generated a conditional knockout mouse model (Tp9 line, Thus, we conclude that both pharmacological inhibition and genetic depletion of Tpm3.1 cause a notable defect in AIS structure.
Together, these data suggest that the reduced accumulation of ankyrin G at the AIS is the result of the loss of Tpm3.1 function, indicating that Tpm3.1 is necessary for maintaining the structure of the AIS.
Tpm3.1 is necessary for maintaining the selectivity of axonal transport and sodium channel clustering at the AIS
Vesicular filtering and the diffusion barrier at the AIS require an intact actin cytoskeleton (Song et al., 2009; Winckler et al., 1999) .
Somatodendritic cargo entering the AIS halt at regions of high F-actin concentration, in a process that is dependent on myosin motors (Balasanyan et al., 2017; Janssen et al., 2017; Watanabe et al., 2012 . 6b ). This suggests that
Tpm3.1 function is necessary for maintaining the selectivity of axonal transport at the AIS.
In addition, we wanted to examine the effect of Tpm3.1 inhibition on the clustering of sodium channels, which is essential for spike generation at the AIS (Kole et al., 2008) . This accumulation of channels is achieved through interactions with ankyrin G (Jenkins and Bennett, 2001; Zhou et al., 1998 . 7c ). These data suggest that Tpm3.1 is required for the clustering of sodium channels at the AIS.
Tpm3.1 inhibition leads to a reduction in firing frequency
The initiation of action potentials is facilitated at the AIS by the clustering of ion channels (Kole et al., 2008) , and is dependent on an intact AIS structure (Leterrier et al., 2017 Fig. 8b ).
These data indicate that Tpm3.1 is required for maintaining AIS function in the initiation of action potentials, consistent with the loss of sodium channel clustering at the AIS.
Tpm3.1 inhibition leads to the gradual collapse of the AIS actin cytoskeleton
Our results show that Tpm3.1 is important for the accumulation of ankyrin G at the AIS, but it is not clear how Tpm3.1 inhibition leads to the loss of ankyrin G accumulation. We are not aware of any reports suggesting direct interaction between Tpm3.1 and ankyrin G.
Thus, we hypothesized that the loss of Tpm3.1 function adversely affects the overall structure and organization of the actin cytoskeleton in the AIS. This disorganization would then ultimately lead to the loss of ankyrin G accumulation, which would be sufficient for the loss of other AIS markers (Hedstrom et al., 2008; Jenkins and Bennett, 2001; Zhou et al., 1998) .
To test whether Tpm3.1 inhibition disrupts actin structures in the AIS, we employed super-resolution microscopy techniques to examine the periodicity of F-actin in the AIS.
We treated sparse cultures of rat hippocampal neurons at 14 DIV using DMSO (0.2%), TR100 (10 µM), or Anisina (5 µM) for 6
hours. In addition, we treated cultures at DIV 13 using LatB (5 µM) overnight, similar to Winckler et al. (1999) . Consistent with our earlier report (Abouelezz et al., 2019) , LatBtreated neurons showed an overall lower phalloidin fluorescence intensity, reflecting a decrease in overall F-actin (data not shown).
Periodic actin rings were visible for all groups, indicating the persistence of the submembranous lattice, even in the absence of ankyrin G (Fig. 9a ). We blindly plotted Anisina: n = 13 neurons, 3 independent experiments) and calculated the autocorrelation function. All groups showed autocorrelation at a lag of 200 nm (Fig. 9b ).
Owing to the pixel size of the camera used 2015; Leterrier et al., 2015; Xu et al., 2013; Zhong et al., 2014) . In addition, we blindly measured the distance between individual peaks in each fluorescence intensity profile and compared the distribution of the inter-peak distances across groups (Fig 9c) . 54% of the inter-peak distances in DMSO-treated neurons were 200 nm, while the mean inter-peak distance was 192.49 ± 1.37 nm, mean ± SEM. The distribution of the inter-peak distances in figure 13 ).
In conclusion, we found that the periodicity Finally, we examined the effect of perturbing Tpm3.1 in cultured neurons on myosin IIB.
Tpm3.1 recruits and activates myosin IIB (Bryce et al., 2003; Gateva et al., 2017) , and recent work has revealed an important role for myosin II in AIS structure (Berger et al., 2018; Evans et al., 2017; Wang et al., 2018) .
We (Bach et al., 2009) . Indeed, we found that actin filaments in AIS actin patches have a relatively slow rate of depolymerization (Fig. 2) . Furthermore, platinum replica electron microscopy showed that the AIS contains short stable actin filaments (Jones et al., 2014) . The presence of Tpm3.1 in the AIS and its importance in maintaining AIS structure suggest that it is possible that these filaments are decorated by the 33-34 nm-long Tpm3.1 (Fowler, 1990) .
Tpm3.1 enhances the phosphorylation of actin-depolymerizing factor/cofilin (Bryce et al., 2003) , thus inhibiting filament severing as well as depolymerization at the pointed ends (Broschat, 1990 ). Furthermore, Tpm3.1 recruits tropomodulin to the pointed ends (Sung and Lin, 1994) , further lowering the rate of depolymerization (Weber et al., 1994; Yamashiro et al., 2014) . Thus, the inhibition of Tpm3.1 renders Tpm3.1-decorated actin filaments vulnerable to depolymerization (Bonello et al., 2016) and, therefore, it is plausible that the loss of AIS structure upon
Tpm3.1 inhibition is due to a reduction in the stability of actin filaments. Bach et al. (2009) showed that Tpm3.1 is required for stabilizing actin filaments in the formation and maturation of focal adhesions. Tpm3.1decorated actin filaments are the least sensitive to latrunculin and Cytochalasin D (Creed et al., 2008; Percival et al., 2000) . It is, therefore, expected that inhibiting Tpm3.1 function will have a substantial effect on actin filament dynamics in the AIS. Altering the stability, length, or linearity of the actin filaments building the AIS may then lead to less organized structures (Tojkander et al., 2011) .
The AIS actin cytoskeleton is believed to comprise sub-membranous actin rings and actin-rich patches (Papandreou and Leterrier, 2018 (Leterrier, 2016) , this scenario is doubtful. In fact, the effect of Tpm3.1 inhibition on firing frequencylikely due to reduced clustering of voltagegated sodium channels-was relatively rapid (Fig. 8) .
Taken together, we believe we can safely say that the AIS contains highly stable Tpm3.1decorated actin filaments that are essential for AIS structure. These filaments allow the formation of a contractile actin network under the AIS membrane that provides a scaffold for membrane organization and AIS proteins.
METHODS
Neuronal cultures, transfections, and preparation of fixed samples
Neuronal cultures were prepared as described previously (Hotulainen et al., 2009 Rabbit anti-GFP (1:1000, AB290) was purchased from Abcam. Rabbit polyclonal δ9d (1:250, purified serum) was produced by the Gunning lab and previously described . Alexa 647-and Alexa 488-conjugated phalloidin were purchased from ThermoFisher (1 mM, A22287). Alexa Fluor-conjugated secondary antibodies (1:400) were purchased from
ThermoFisher. The anti-tropomyosin drugs TR100 and Anisina (ATM3507) were described previously (Currier et al., 2017; Stehn et al., 2016; Stehn et al., 2013) and
were added to culture media from 50-mM stock solutions in DMSO. Latrunculin B (Sigma, L5288) was added to culture media from a 2.5-mM stock solution in DMSO.
Generation of the Tpm3 gene exon 1b conditional knockout mouse
Genomic fragments of the Tpm3 (Supplementary figure 9b) .
Imaging
For taking confocal stacks, we used a Zeiss LSM880 inverted confocal microscope 
Photoactivation
For photoactivation experiments, live neurons were stained using panNF-186 to label the AISs (Hedstrom et al., 2008) . 1-2 hours before imaging, neurons were incubated in culture media containing panNF-186 for 10 minutes at 37°C and 5% CO2, washed 3 times in Neurobasal media, then incubated in culture media containing anti-mouse Alexa Fluor-647 for 10 minutes at 37°C and 5% CO2. Neurons were then washed and returned to culture media. We pA. Data are expressed as frequency.
Image Analysis
We used the Fiji software platform for image analysis (Schindelin et al., 2012) . We plotted the fluorescence intensity profile~1-5 mm along the AIS where periodicity was visible in a single plane in a SIM reconstruction, avoiding patches and fasciculations. We used a MATLAB script to locally normalize fluorescence intensity in each profile. We used the "autocorr" function in MATLAB to calculate the autocorrelation function for each profile and obtain autocorrelation curves. We used the "findpeaks" function in MATLAB to detect individual peaks in each profile and note their locations to calculate inter-peak distances.
To quantify the effect of Tpm3.1/2 knockdown on the accumulation of ankyrin G at the AIS, we used NeuronJ (Meijering et al., 2004) For calculating the ADR, we used NeuronJ (Meijering et al., 2004) 
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